Under traffic loads, orthotropic steel bridge slabs suffer from an obvious fatigue problem. In particular, fatigue cracking of diaphragms seriously affects application and development of orthotropic bridge slabs. In the paper, based on cracking status quo of an orthotropic deck diaphragm of a large-span bridge, experimental tests were formulated to test stress distribution states of the diaphragm. The finite element software ABAQUS was used to establish a finite element model of the orthotropic deck diaphragm; numerical simulation was conducted on the basis of the experiments. Simulation results were compared with experimental results, so correctness of the finite element model was verified. Finally, Local Strain Approach (LSA) and Theory of Critical Distance (TCD) were used to conduct life assessment of the orthotropic deck diaphragms, and applicability of two methods was discussed. In this way, a fatigue life assessment method with high accuracy and good operability was provided for fatigue life assessment of orthotropic deck diaphragms.
Introduction
Design theories and construction technologies for bridge structure have achieved rapid development with the advancement of science and technology. Due to demands for the development of economic and national defense, more and more large-span bridges have been built [1] [2] [3] [4] . Featured by large spans and difficult construction, large-span bridge structures have very high requirements for beam body structure types. Featured by high strength, light weight, and high stability, steel box girder structure has become one of the prior beam bodies of these bridges. Orthotropic steel bridge slabs are favorably used for steel box girder structures due to reduced self-weight and high bearing capacity [5] [6] [7] [8] . Under traffic loads, orthotropic steel bridge slabs suffer from an obvious fatigue problem. In particular, fatigue cracking of diaphragms seriously affects application and development of orthotropic bridge slabs.
A lot of research has been conducted on fatigue problems of orthotropic steel bridge slabs. Cuninghame described fatigue cracks appearing in three types of structural details of the orthotropic deck of Severn Bridge and made meticulous analysis of cracking reasons [9] . Jen analyzed and demonstrated bearing capacity and fatigue strength of a closedtype trapezoid longitudinal-rib orthotropic steel bridge slab [10] . Tsakopoulos conducted full-scale model fatigue tests on an orthotropic steel deck and obtained stress amplitudes and fatigue lives of all the fatigue rapid-wear parts [11, 12] . Mizuguchi et al. analyzed reasons for fatigue cracking of top slab longitudinal welding joints of an orthotropic steel bridge slab and pointed out that fatigue performance of welding joints could be enhanced to a certain extent through increasing top slab thickness and reinforcement rib size by 50% [13] . Miki carried out finite element numerical analysis of top slab longitudinal welding joints of an orthotropic steel bridge slab and proposed that fatigue cracking of the welding joints was caused by small bending rigidity of the top slab [14] . Through experiments, Xiao et al. got to know fatigue performance of U-rib welding joints of an orthotropic plate under a constant stress amplitude and compared the results with the predicted number of fatigue cycles based on the linear elasticity fracture mechanics theory, finding that the fatigue life of U-ribs would decrease greatly when the uncompleted welding depth of welding joints reached 2-3 mm [15] . Battista et al. discussed phenomena and reasons of fatigue cracking on horizontal reinforcement ribs of an orthotropic deck and predicted fatigue life of the bridge through finite element analysis based on previous load forms of the bridge [16] . Xiao et al. established a finite element model for an orthotropic deck and obtained stress distribution of horizontal reinforcement ribs under vehicle loads and then reckoned a design value of fatigue strength according to basic theories of linear elasticity fracture mechanics [17] . Aygül et al. applied three methods to conduct finite element analysis of fatigue life of welding nodes at joints between longitudinal ribs of an orthotropic deck and the diaphragm and compared analysis results with experimental results of full-scale node model fatigue testing [18] . Based on different welding fusion depths and whether arc striking was conducted in advance during welding, Sim et al. carried out full-scale experiments to investigate their effects on fatigue life of connecting welding joints between U-ribs of an orthotropic deck and the bridge slab [19] . Sim and Uang used a notch stress method to conduct finite element simulation of full-scale test specimens. Through parameter analysis, it was found that the fatigue life of connection welding joints between U-ribs of the orthotropic deck and the bridge slab was sensitive to horizontal distribution of external loads [20] . Through on-site experiments, Connor and Fisher determined the antifatigue strength at openings of joints between U-ribs of orthotropic deck and diaphragm and explored analytic solution of the fatigue strength on this basis [21] . Above research focused on fatigue problems of orthotropic steel bridge slabs but failed to discuss stress distribution on different paths of diaphragms and did not conduct deep comparison or analysis of fatigue life assessment methods.
Hence, in the paper, based on cracking status quo of an orthotropic deck diaphragm of a large-span bridge, experimental tests were formulated to test stress distribution states of the diaphragm. The finite element software ABAQUS was used to establish a finite element model of the orthotropic deck diaphragm; numerical simulation was conducted on the basis of the experiments. Simulation results were compared with experimental results, so correctness of the finite element model was verified. Finally, Local Strain Approach (LSA) and Theory of Critical Distance (TCD) were used to conduct life assessment of the orthotropic deck diaphragms, and applicability of two methods was discussed. In this way, a fatigue life assessment method with high accuracy and good operability was provided for fatigue life assessment of orthotropic deck diaphragms.
Assessment Method of Fatigue Life
General fatigue experiments are not only time-and effortconsuming but also costly. Especially for full-scale models on component or structure levels, fatigue performance could hardly be investigated comprehensively through experiments in general. Hence, numerical analysis becomes the major approach to conducting fatigue assessment of structural components. Through Local Strain Approach (LSA) and Theory of Critical Distance (TCD), the paper conducted life assessment of the structures investigated and discussed applicability of two methods. In this way, a fatigue life assessment method with high accuracy and high operability is provided for fatigue life assessment of orthotropic bridge slabs.
Local Strain Approach (LSA)
. Structural fatigue lives investigated in the paper belonged to the magnitude order of 10 4~1 0 5 , which could be classified as a middle-low cycle fatigue problem. As for these problems, local elastoplastic states have been formed according to the intensity of the stress, and at initial stage of generation and expansion of cracks, stress indexes may have failed in general. It is generally believed that local strain is a decisive factor for fatigue strength evaluation. Hence, it is applicable to the load scope involved in the paper.
When a local stress value is not bigger than an elasticity limit value, that is, local deformation is elastic deformation, the local strain expression is as follows [22] [23] [24] :
In other words, in comparison with a nominal strain value, the local strain value increases by K t folds (K t denotes the elastic stress concentration coefficient, that is, the ratio of the local strain value to the nominal strain value is defined as the strain concentration coefficient K t = ε/ε n ). During the service process of structure, nominal stress is always lower than yielding stress, but local strain may be higher than yielding strain. Hence, overall force-bearing deformation state of the structure may stay at an elastic deformation stage. A plastic area is formed locally due to plastic strain. Due to the existence of the plastic deformation area, the formula is K σ = σ/σ n at this moment, wherein K σ denotes an elastoplastic stress concentration coefficient; σ denotes local stress, and σ n denotes nominal stress.
Neuber formula involving relations of elastic stress concentration coefficient K t , elastoplastic stress concentration coefficient K σ , and elastoplastic strain concentration coefficient K ε could be presented by
Gaps exist under the elastoplastic deformation state, and the cyclic stress-strain relation formula of materials could be represented by
If the nominal stress σ n is known, right parts of Formula (3) would be constants. Hence, changes of σ and ε form a dual-curve form. Through combination of Formula (3) and Formula (4), intersection points between the two curves and the stress-strain curve of materials could be determined. Intersection points of two curves denote local stress value σ and local strain value ε, respectively. In other words, stress 2 Complexity value and strain value of the point with maximum local stress are computed. As for local stress amplitude and strain amplitude, their relations with nominal stress amplitude and strain amplitude are basically kept unchanged. Based on multiplication theory, Formula (4) could be converted into the following formula:
Then, fatigue life can be computed according to the Coffin-Manson formula or existing strain-(stress-) fatigue life relations.
Theory of Critical Distance (TCD)
. Prediction results of LSA method are always conservative because stress and strain distribution (namely stress and strain gradient effect) at structural stress concentration area is not considered. Fatigue cracks tend to be generated at parts with maximum cyclic stress or strain at first, but initial life prediction of fatigue cracks refers to the life from generation of cracks to their expansion of certain size (including earlier expansion stage of fatigue cracks). Hence, when cracks are generated and start expanding at stress concentration area, crack tips will quickly get deviated from parts with maximum stress and strain. In other words, after generation and expansion of local cracks, contribution made by maximum cyclic stress and strain to subsequent crack expansion would be reduced. Hence, it is conservative to predict fatigue crack initial life with maximum cyclic stress or strain in stress concentration areas.
Neuber and Peterson proposed fatigue limit (or fatigue strength) prediction idea with consideration of local stress distribution. Neuber proposed that the average value of elastic stress within a certain distance from a local area should be taken as valid stress. Peterson believed that stress at a point with a certain distance from the local area should be taken as valid stress. With above two ideas as the development foundation, Taylor conducted deep research, and formed a uniform TCD. Specifically, the method which takes the average value of elastic stress within a certain distance from a local area as the valid stress was developed into a "line method." The method which takes stress at a point with certain distance from the local area as valid stress was developed into "point method." The method which takes average stress on the area within a certain distance from the local area as valid stress was developed into "area method." TCD was successively applied to research of local structure fatigue limit prediction, static strength prediction, etc. Good results were achieved.
At present, TCD has achieved continuous development and perfection. The initial "point method" has been developed into "volume method" of three-dimensional space through the "line method" of one-dimensional space and two-dimensional space. With simple application, point method and line method are commonly used; area method and volume method with high computation complexity are not applied frequently. Basic theories of point method, line method, and area method are shown in Figure 1 . Computation methods of the average stress σ av are shown as follows.
Area method σ av = 1 1 1πL 2
In the above formulas, the critical distance parameter L 0 is determined by experiments and can also be given by short crack theory of EI Haddad as follows:
In this formula, ΔK th denotes a threshold value of stress strength factor amplitude of the material; Δσ f denotes fatigue limit and can be equivalent to constant amplitude fatigue limit or variant amplitude fatigue limit in a pure material S-N curve.
Fatigue limit Δσ f is a parameter correlated with designed life. For example, in engineering, the stress amplitude corresponding to 2 million-cycle fatigue life is often used as the fatigue limit. Hence, critical distance parameter L 0 also varies with the set fatigue life N f . During fatigue life estimation of the material, the critical distance L 0 and the fatigue life N f are assumed to have the following relation at present:
In this formula, A and B denote material constants, which are generally determined by critical distances corresponding to material static strength and fatigue limit. Static strength failure of the material generated under static force stretching is deemed as the failure happening under 1/4 cyclic loading, namely N f = 1/4. At this moment, critical distance L 0b corresponding to the material static strength is as follows:
By Formula (13), material constants A and B can be obtained. On this basis, the quantitative wherein between critical distance L 0 and fatigue life N f can be obtained. In this way, structural life can be obtained by any kind of TCD method in combination with Formula (11) and the S-N relation curve.
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Finite Element Model of Large-Span Bridge and Computation Results
The bridge crossing the North-South direction is the key to the research. As an important traffic line ensuring normal running of port logistics center, the bridge bears passing of a lot of heavy-type trunks. With forty-one spans, the bridge is 2033 m long, as shown in Figure 2 . The main bridge is a concrete hybrid-beam single-tower cable-stayed bridge, with main span of 310 m, side span of 190 m, and total length of 500 m. Three auxiliary piers are set on the side span, which is divided into four spans. Span combination is (3 × 48+ 46) m.
Prestress concrete box girders are located on the main span within 20 m away from the main tower. Steel box girders are located on the rest main span of 290 m. All the side spans are prestress concrete box girders. General cross section of the main beam is shown in Figure 3 
Hot spot
Area for the AM (radius 1.32 L) or volume for the VM (radius 1.4 L) [25] [26] [27] was used to establish a finite element model of the orthotropic steel box girder. Vehicle loads were applied for elastoplastic analysis. Firm connection of two ends of the steel box girder was set as the boundary condition. The constitutive model parameters of steel material were measured. Poisson's ratio was 0.3. In order to conduct refinement analysis of force bearing of diaphragms near joints between U-ribs and diaphragms, structural details of joints between U-ribs and diaphragms were selected. With submodel technologies, a local submodel of diaphragm was established. S4R shell units were adopted for the finite element model of orthotropic steel box girder and the local submodel of diaphragm. The dimension of elements in the integral model is 50 mm × 50 mm. The number of elements is 494,092 and the number of nodes is 485,774. By contrast, the dimension of elements in the submodel is 2 mm × 2 mm. The number of elements is 835,637 and the number of nodes is 840,796. The mesh of elements was refined in the submodel to achieve a more realistic stress distribution. Effects of welding joints were not considered. The finite element model is shown in Figure 4 .
Experimental Verification of Finite Element Model.
In order to investigate stress distribution at the cut-outs in diaphragms under U-ribs and at welding positions between U-ribs and diaphragms under wheel loads and verify correctness of the numerical models, local static loading experiment and dynamic loading experiment were conducted for the bridge. Fatigue cracks did not appear at selected testing positions in the real bridge. Hence, force-bearing characteristics of the original bridge slab can be reflected. Twenty-two stress measurement points were arranged, among which twenty were one-way strain gages and two were three-way strain gages. Four one-way strain gages were mounted annularly at downstream lateral cut-outs of 10# U-rib. Four one-way strain gages and one three-way strain gage were mounted along the radial direction of 45°. Four one-way strain gages were mounted annularly at upstream lateral cut-outs of 10# U-rib. Four one-way strain gages were mounted along the radial direction of 45°. Four one-way strain gages and one three-way strain gage were mounted along the radial direction of 45°at downstream lateral cut-outs of 11# U-rib. On-site layout of strain gages is shown in Figure 5 . The selected vehicle load had three shafts. Front wheel axle load was 100 kN. Axle load of two rear wheels was equally 190 kN. Ground size of front wheel was 300 × 200 mm, and ground size of rear wheels was 600 × 200 mm. Rear wheels of the vehicle directly acted on 10# and 11# U-ribs, as shown in Figure 6 . Six eworking conditions were selected in the experiment. Under each working condition, horizontal positions of wheels were moved by 1 m towards the main beam center. Details are shown in Table 1 .
Experimental results were compared with finite element computation results, as shown in Figure 7 . It shows that finite element results approached practically measured results. Under working condition 1 and working condition 2, finite element results were larger than measured values. The reason is that the streamline steel box girder of the bridge is of high rigidity, and loads would be diffused far when wheels acted on a diaphragm; however, during finite element computation, three diaphragms were extracted and rigid supporting existed on two sides, so load transmission scope was limited. Secondly, the pavement on the real bridge already had certain 5 Complexity rigidity and could bear force together with the bridge slab, but the contribution of pavement layers was not considered in finite element computation. Hence, under these two working conditions, finite element computation values were obviously larger than actually measured values. Under working conditions 3-6, the vehicle was already far from 10# and 11# U-ribs, and measured values were larger than finite element computation values. The reason is that transmission scope of loads in the real bridge was large under effects of the pavement layer, but transmission scope of loads in the finite element model was small and concentrated.
Mises Stress Distribution of Diaphragms.
Under wheel loads, diaphragms would easily have local stress concentration at overwelding holes and the cut-outs in diaphragms under U-ribs. In order to analyze characteristics of stress distribution on diaphragms under six working conditions, a diaphragm local submodel was used to analyze stress size at diaphragm parts with easy stress concentration, as shown in 
Main Stress Distribution at Cut-Outs in Diaphragms
under U-Ribs. Analysis results show that obvious stress concentration appeared at cut-outs in diaphragms under U-ribs. In order to analyze stress distribution at cut-outs in diaphragms, main stress along the edges of cut-outs under six working conditions was extracted. Extraction paths are shown in Figure 9 . S denotes a path starting position, and E denotes an ending position. Total length of paths was 95 m. As for path 1 and path 2, stress was large under working condition 1 and working condition 2. As for path 3 and path 4, stress was large under working conditions 1, 2, and 3. Stress distribution along path 1, path 2, path 3, and path 4 under 6 working conditions is shown in Figure 10 . Along the paths, stress distribution approached an upward raised parabolic pattern. Along path 1 and path 2, stress peaks appeared at the position 60 mm away from the path starting point. The included angle between the line connecting the position and the center of the cut-out and the horizontal plane was about 20°. Along path 3 and path 4, stress peaks appeared at different positions under different working conditions. Along path 3, peak value appeared at the position 50 mm away from the path starting point under working condition 1, and the stress already reached 118 MPa. Under working condition 2, the peak stress of 97 MPa appeared at the position 60 mm away from the path starting point. Under working condition 3, the peak value of 87 MPa appeared at the position 40 mm away from the path starting point. Along path 4, stress distribution was shaped like sine curves under working conditions 1 and 3. Under working conditions 1, 2, Complexity and 3, peak stress values were 99 MPa, 79 MPa, and 67 MPa, respectively, and the distances between peak stress position and the path starting point were 80 mm, 70 mm, and 30 mm.
Meanwhile, in order to analyze stress distribution at positions near cut-outs in diaphragms under U-ribs, with different distances from the edges of cut-outs, stress along the following eight paths on the diaphragm was extracted. Included angle between paths 5-8 and the horizontal plane was 20°, and the length of paths 5-8 was 60 mm. Paths 13-16 were parallel with the horizontal plane with length of 60 mm, as shown in Figure 11 . It is shown in Figure 12 that stress along the paths reached the maximum value on the edges of cut-outs; stress gradually attenuated with the increase of distance from the edges of cut-outs; when the distance was 20 mm, the attenuation amount was already very significant and reached about 60%; with the continuous increase of distance, the attenuation speed decreased gradually and the stress tended to be unchanged. It is shown in Figure 13 that stress distribution along paths 13-16 has the same rules with that along paths 5-8. As for path 15, stress at the path starting position already reached 117 MPa under working condition 1. As for path 16, stress suffered alternate pulling-pressing phenomena under different working conditions. For example, tension stress appeared under working conditions 1 and 2; compression stress appeared under working conditions 3-6. Horizontal positions were random to a certain extent when the vehicle passed. Hence, when the 
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vehicle passed by different horizontal positions, a lot of stress cycles and large stress amplitude would be generated here. As a result, fatigue cracking took place.
Main Stress Distribution at Welding Joints of U-Rib and
Diaphragm. Welding position of U-rib and diaphragm is one of the structural details which often suffer from fatigue cracks in real bridges. In order to investigate stress distribution at the structural detail under wheel loads, four paths as shown in Figure 14 were selected. Stress distribution in the direction perpendicular to the paths under six working conditions was extracted. Results are shown in Figure 15 . Path length was 182 mm. It is shown in Figure 15 that stress on the paths was small and approached 0 MPa. Stress concentration appeared at positions near the cutouts in diaphragms under U-ribs and overwelding holes located at joints between U-rib and top plate. Stress increased suddenly. Length of the sudden stress change scope was about 10 mm. As for path 12, obvious sudden change of stress took place at the position near the cut-out in the diaphragm under working condition 1 and the stress reached 73 MPa.
Fatigue Life Assessment of Full-Scale Test
Specimens of Orthotropic Bridge Slab 4.1. Establishment of Numerical Model. ABAQUS was used to conduct numerical analysis of U-ribs of the orthotropic bridge slab and the rib plate connecting diaphragm. Component sizes and boundary conditions adopted were consistent with the experiment. Geometric models of the fatigue test specimens can be handled and simplified in software. The paper intends to conduct fatigue life assessment with LSA and TCD, so setting of a material constitutive model should be noted during analysis. As for LSA, elastoplastic stress and strain states near the local gap should be taken into account, so an elastoplastic constitutive model should be adopted. Measured values of points on the steel constitutive stress-strain curves were adopted. Poisson's ratio was 0.3. As for TCD, which is an analysis method based on linear Figure 16(a) . In order to reduce computation time, uneven mesh division could be conducted to the diaphragm. At the parts remote from joints between U-rib and diaphragm, coarse mesh processing was conducted, with mesh size of about 20 mm. At the parts near joints of U-rib and diaphragm, where fatigue problems are prominent, mesh densification was carried out. According to demands of two fatigue assessment methods, the mesh size was refined to 1 mm during use of LSA, as shown in Figure 16 (b); during use of TCD, meshes were refined to 0.1 mm, 0.05 mm, and 0.02 mm, and three models were established, as shown in Figure 16 (c). In this way, effects of mesh sensitivity on analysis results of local stress could be considered. All the parts of the components were connected by TIE. The top plane of the specimen was loaded. In other words, modeling was achieved through coupling of loaded parts on the slab and reference point RP. Loads acted on RP. All the loads were automatically and uniformly distributed at loading parts.
Verification of Numerical
Model. The experiment was conducted in a lab of Tianjin University. Distribution beams were used for loading in the experiment. The loading end was located at 1/10 height of the beam. One end of the beam acted on one of the two bearings of the test specimen, and the other end of the beam acted on the corresponding area of the U-rib. As the main loading end, it has actual load which was 0.9 time that of the mechanical load. Installation of experimental devices and components is shown in Figure 17 . Two ends of component bottom and the experimental table were connected by hinging. Gasket was arranged on the lower part of loading end for loading. Its size is 100 × 200 × 50 mm. Lateral edges of the gasket coincided with corresponding positions of the upper edge of the U-rib. Grade loading system was adopted in the experiment. One grade was defined as 25 kN. Unloading was conducted after loading value reached 300 kN. Unloading was also achieved in a grade manner. Data were collected and experimental phenomena were observed during each loading and unloading process. Stress values and stress distribution computed by the numerical model were compared with experimental results. Hence, correctness of the numerical model could be verified. The finite element model with refined mesh size of 1 mm was selected for comparative analysis. On one side, the mesh size approached the size of strain gages and could reflect the average strain level in millimeter sections near measurement points; and on the other side, the mesh size was corresponding to the model with the lowest mesh density among all the refined mesh models. Rationality of the model would reflect rationality of other more refined models to a certain extent, and correctness of macroscopic boundary conditions used by the numerical computation model could be verified. This way, load-stress curves could be obtained according to experimental and numerical simulation results of measurement points, as shown in Figure 18 (a). It is shown in the diagram that despite slide differences, strain in experiment and numerical simulation basically had the consistent trends. 
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show that the strain error of both was within 15%. Hence, strain changes of the test specimens can be reflected basically. Figure 18(b) shows stress changes on arc edges of the diaphragm in experimental testing and numerical simulation. Obviously, measured data were distributed near the curve computed by finite numerical simulation, and angle-based stress variance trends were the same. Coincidence degree between finite element computation results and experimental testing results was high.
Finite element models were used to analyze stress distribution of the test specimens in fatigue experiment. Diagram of stress distribution at the cut-outs in diaphragms under U-ribs is shown in Figure 19(a) . It is shown in the diagram that maximum stress appeared at the cut-outs in diaphragms under U-ribs. Figure 19(b) shows stress distribution at the cut-outs in the diaphragm in fatigue experiment. Comparison results show that stress distribution at the cut-outs in diaphragms under U-ribs, which was computed by the numerical models, was basically consistent with results obtained by thermal imaging. Hence, correctness of computation results of the finite element models could be verified further. Therefore, the numerical model can be used for research in the paper.
Fatigue Life Analysis of Full-Scale Test Specimens of
Orthotropic Bridge Slab 4.3.1. Fatigue Life Assessment Based on LSA. In order to conduct full assessment of fatigue life of full-scale test specimens of the orthotropic bridge slab, three load working conditions for numerical simulation were selected. For test specimen 1, the maximum load was 45 t; for test specimen 2, the maximum load was 36 t; for test specimen 3, the maximum load was 34 t. Principles of LSA were discussed in Section 2. As for the orthotropic bridge slab, the elastic stress concentration coefficient K t at the cut-outs in the diaphragm under the U-rib should be acquired at first. Based on the elastic constitutive finite element model (with refined mesh size of 1 mm), the stress cloud atlas of cut-out positions in the model loading area under the effect of unit pressure was obtained, as 12 Complexity shown in Figure 20 . Stress values on the maximum stress path of cut-out positions were extracted. Hence, maximum stress and average stress on the path can be obtained. In this way, the elastic stress concentration coefficient of the orthotropic slab gap investigated in the paper was obtained and the value was 3.811. 
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It was found that the second stop of LSA was to determine σ n of the orthotropic bridge slab. Note that the average value of stress on the maximum stress path was taken as σ n . According to the method for solving the elastic stress concentration coefficient K t , stress values on the maximum stress paths under three working conditions were extracted. The elastoplastic constitutive model should be adopted. Therefore, the right part of Formula (14) was a certain constant. In combination with the cyclic stress-strain curves of material (Formula (15) ), values of local stress and strain under each working condition could be solved. Local strain value under each working condition was substituted into the Coffin-Manson formula. Hence, life of the test specimen under each working condition can be obtained, as shown in Table 2 .
In the table, N LSA denotes the fatigue life predicted based on LSA and N exp denotes the fatigue life corresponding to cracks of the test specimens, which was measured in the experiment. Above computation results show that the fatigue life predicted by LSA was very suitable and had very high accuracy and reliability. For test specimen 1 and test specimen 2, the fatigue life results obtained by LSA were relatively conservative. This result is consistent with existing research conclusions.
Fatigue Life Assessment Based on TCD.
During fatigue life assessment with TCD, relations between critical distance and designed fatigue life should be determined at first, namely the determination of Formula (11) . As for Q345qD material selected in the paper, the fatigue crack expansion threshold value was not determined in a targeted manner. In this paper, two threshold values were selected for computation: (1) According to British Norm BS7910-2005 [28] , the steel universal fatigue crack expansion threshold of 2.0 MPa·m 1/2 was selected; (2) according to experimental result of Q345qD welding joint material obtained by Zong et al. [29] , fatigue crack expansion threshold value of 11.54 MPa·m 1/2 was selected. In addition, according to experimental testing results, the stress amplitude corresponding to the fatigue life N = 2 × 10 6 was determined to be 256. 23 MPa. Hence, the following computation could be conducted.
When Fracture toughness K IC of Q345 material under room temperature was 3847~4139 MPa·mm 1/2 [30] . The average value of this scope, namely 3993 MPa·mm 1/2 , was selected. According to experimental testing results, limit strength of the material was 515.94 MPa. Hence, the following computation could be conducted.
Through combination of Formula 16, Formula (17), and Formula (18) , it could be found that when ΔK th = 2 MPa·m 1/2 , A = 10 449 and B = −0 434; when ΔK th = 11 54 MPa·m 1/2 , A = 14 192 and B = −0 213. Hence, the quantitative relation between critical distance and designed fatigue life can be obtained.
Next, stress-distance relations on the maximum stress path should be acquired, so equivalent stress near the gap can be solved by point method or line method. According to the life interval of (the) test specimens, critical distances obtained through computation were less than 5 mm. If computation was conducted based on the refined mesh of 1 mm in LSA, the accurate stress-distance relations could hardly be obtained. Hence, local meshes were further refined. Mesh sizes were set as 0.1 mm, 0.05 mm, and 0.02 mm. On this basis, local stress cloud atlas under the working condition (load of 45 t) was extracted, as shown in Figure 20 . According to the stress cloud atlas, stress-distance relations under each working condition can be acquired further.
Finite element computation results in Figure 21 show that with gradual refinement of mesh size, the stress level on the maximum stress path gradually tended to be stable. Finally, model computation results corresponding to the mesh size of 0.02 mm were selected as subsequent computation basis. For convenient subsequent computation, polynomial fitting was conducted to extracted stress-distance relations. The highest power was the quadratic square of r, satisfying basic rules of stress field distribution near the Table 3 . σ pm was obtained based on the σ-r relation expression with complete elastic model fitting (Formulas (6)-(9)). Obviously, with the increase of fatigue crack expansion threshold, the predicted fatigue life increased; fatigue lives of three test specimens corresponding to ΔK th = 2 MPa·m 1/2 were shorter than experimental values, and the results were relatively conservative; except for test specimen 3, fatigue lives corresponding to ΔK th = 11 54 MPa·m 1/2 were shorter than experimental results. As a whole, assessment results corresponding to two thresholds were consistent with experimental values in a relative order.
Line Method (LM). LM was used for life assessment of the test specimens. Computation results corresponding to two fatigue crack expansion thresholds were obtained, as shown in Table 4 . It is also obvious that, with the increase of fatigue crack expansion threshold, the predicted fatigue life increased. For test specimen 1, relatively conservative prediction results were obtained with two thresholds; for test specimen 3, relatively dangerous prediction results were obtained with two thresholds. However, in view of discreteness of fatigue test results, we must admit that assessment results corresponding to two values were consistent with experimental values in a certain order.
Comparison of Two Assessment Methods.
Quantitative comparison of the accuracy of two assessment methods in fatigue life assessment was conducted, as shown in Table 5 . Obviously, with LSA, relatively conservative assessment results of fatigue life were given as a whole; prediction results of TCD depended on input conditions and adopted methods (i.e., PM, LM, AM, and VM). The average value of ratios of predicted lives to experimental lives was taken as the measurement index. It was found that the PM assessment results corresponding to ΔK th = 11 54 MPa·m 1/2 and the LM assessment results corresponding to ΔK th = 2 MPa·m 1/2 had the 17 Complexity highest accuracy, and the results were relatively conservative as a whole.
As a whole, prediction accuracies of two methods are acceptable. When computational accuracies of finite element model are similar, in comparison with LSA, TCD is an analysis method based on elastic models, whose computation cost is lower and operability is higher, and it suffers less effect from mesh size. Comparing the two TCD methods adopted in the paper, the use of PM is simpler; during computation with LM, relations between stress and distance on paths shall be determined and considered, and average computation with integration is required. Hence, for life assessment of orthotropic bridge slabs made of Q345qD, because of the lack of enough measured data of the material, the paper recommends 11.54 MPa·m 1/2 as the threshold and recommends PM for fatigue life assessment.
Conclusions
(1) Numerical computation results and experimental testing results had the same rules, demonstrating validly of the finite element model established in the paper. The finite element model was used to compute Mises stress distribution on diaphragm near 10# and 11# U-ribs under 6 working conditions. Results show that maximum Mises stress appeared at cut-outs. Stress was distributed in a multiparabolic form along the paths. Stress along the paths reached the maximum value on the edges of the cut-outs. Stress gradually attenuated with the increase of distance from the edges of the cut-outs. Attenuation was already very significant and reached about 60% when the distance was 20 mm. With continuous increase of distance, the attenuation speed gradually decreased
(2) Prediction accuracies of two methods are acceptable. With LSA, relatively conservative assessment results of fatigue life were given as a whole. Prediction results of TCD depended on material fatigue parameters and adopted methods to a certain extent. When computational accuracies of finite element model are similar, in comparison with LSA, TCD is an analysis method based on elastic models, whose computation cost is lower and operability is higher, and it suffers less effect from mesh size (3) TCD was used to conduct life assessment of the diaphragm of the orthotropic bridge slab. Through comparison with experimental life results, it was found that with the same analysis method, the fatigue life assessment results were relatively conservative under fatigue crack expansion thresholds of 2 MPa·m 1/2 and 11.54 MPa·m 1/2 ; when the same fatigue crack expansion threshold was used, the fatigue life assessment results obtained by PM were more conservative than those obtained by LM (4) The research shows that all fatigue cracks are observed at the cut-outs in diaphragms under U-ribs. Hence, a better way of cut-outs should be adopted in actual bridges to reduce cracks
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request. 
